In this paper a pneumatic positioning stage which is mounted on the base plate and supported by the coil-type spring isolators is considered. The stage is moved by the driving force during positioning and the reaction force causes vibration of the base plate with its natural frequency, which degrades the performance of the positioning. To reduce the effect of the reaction force and improve the positioning time, the base plate jerk feedback is proposed. An external force is used to realize the principle of the base plate jerk feedback based on the theoretical background. The experimental results confirm that the working principle of the base plate jerk feedback obeys the theoretical concepts. The feedback is then employed for the real positioning. Based on the experimental results including repeatability, the effect of the reaction force was considerably reduced and the settling time of the response was improved, after employing the base plate jerk feedback with approximate optimal gain.
Introduction
Positioning stages are widely used in the field of semiconductor manufacturing. Since the linewidth of the semiconductor devices is going to further decrease, precise positioning is required. Magnetic actuators such as linear motors have been used in the field of positioning systems. However, these actuators cannot be used for the electron beam lithography apparatus due to magnetic flux leakage and heat generation (1) . Therefore, the pneumatic actuators are proposed instead of the magnetic actuators due to long travel range and none-heat generation (2) . However, the problem of the pneumatic actuator is known as an inactive response owing to the air compressibility. This problem can be controlled by using several control methods, such as flow disturbance observer scheme based on pressure difference feedback (1) , and pressure difference feedback together with a PI compensator in front of the pneumatic driving system (3) .
However, precise positioning stages are commonly mounted on the isolators having weak stiffness to reduce the effects of the floor vibration. Then, as long as accurate and high speed response is considered, large gains of the main loop controllers such as PID or associated controllers are required. In the case of pneumatic positioning stages, large gains of the controller, in particular the proportional gain, lead the air pressure to increase inside the actuators, which causes high servo stiffness of the stage. In this case, large driving force is required to move the stage. Hence, due to the existence of mutual interference between the stage and base plate, the reaction force causes the vibration of the base plate during positioning. Then, the vibration of the base plate leads the stage to fluctuate in opposite direction, which degrades the performance of the positioning.
To improve the settling time and to suppress the disturbances during positioning, the effectiveness of the base plate acceleration feedback is demonstrated in the X-Y stages (4) (5) (6) (7) , which will be discussed in Subsection 2.3. References (4-7) have used the linear motors as the actuators with small time constant (almost as a proportional gain). For this reason, the base plate acceleration feedback is proposed by the author. However, in this paper, a pneumatic actuated positioning stage is considered for the first time. To overcome the issue of slow dynamic of the pneumatic system, the driving mechanism is modeled as a perfect integrator which is experimentally implemented in reference (3) . Therefore, the base plate jerk feedback is proposed to reduce the stage vibration due to the reaction force.
The reminder of this paper is organized as follows. The experimental setup, the control scheme of the pneumatic positioning stage including the proposed control block diagram, the perfect integrator, the related studies performed before, the mathematical background including 2-DOF mechanical system, the optimal value of the base plate jerk's feedback gain, and jerk feedback, are briefly described in Section 2. The experimental results which include the pre-experiment realizing the principle of the base plate jerk feedback using the external force, and the experimental result for the real positioning condition; are discussed in Section 3. Finally the summary and remarks are provided in Section 4. Figure 1 shows the photograph of the pneumatic positioning stage. The stage with resolution of 1µm/count is fixed between two arms "yaw guides" of a frame which is mounted on the base plate. In order to facilitate the motion of the stage, the needle bearing system is used between the V-shape corners of the stage and yaw guides. Two pairs of pneumatic cylinders (M16D300.0S), in the right and left sides, act as actuators. The base plate is supported by the coil-type spring isolators having weak stiffness.
Nomenclatures
The experimental setup is shown in Fig. 2 . The air compressor provides pressurized air which is then regulated through the air regulator. The inner pressure of the cylinders is measured by two pressure sensors (Setra model 204) in the left and right sides, each with detection sensitivity of 10/700 V/kPa. The output signals of these sensors are applied to the detection circuit to provide the pressure difference signal, which is then used as feedback to reduce the effect of the air compressibility. An optical encoder (MercuryTM3500i) is fixed to the system to detect the relative position, and its output is then used in the relative position feedback. An accelerometer (JA-5V) with detection sensitivity of 5 V/G is fixed on the top of the base plate to detect the base plate acceleration. The servo valves (EWS3/4) in the left and right adjust the amount of air to the actuators, led by the control signal. The MATLAB program installed in the PC and the DSP operate as experimental tools. 2.2 Control scheme of the pneumatic positioning stage As mentioned in Section 1, the driving mechanism of the magnetic actuators operates as a first order low pass lag filter having very small time constant, thus, the PID compensators are usually used as controllers in the relative position's feedback path (4) (5) (6) (7) . However, in the case of pneumatic stages, the PI-D compensator is commonly used to avoid the derivative kick caused by sudden change in the reference. For instance, Fig. 3 shows a basic example of the pneumatic stage's control diagram, in which the PI-D scheme is employed as a compensator in the position feedback path. In this diagram the coil-type spring isolators are not used as the supporters. From the experimental result of Fig. 4 , it can be observed that the PI-D compensator is a superior controller. Although the control scheme comprises only a simple position feedback, the response easily settles on the reference by setting appropriate values of the gains k p and k d . However, we would like to employ the base plate acceleration signal as a feedback in front of the pneumatic system. In this case, because of very slow dynamic of the pneumatic system due to its large time constant T air , the acceleration feedback is not applicable. Hence, the perfect integrator is adopted as a proper driving mechanism, as shown in Fig. 5 . Figure 5 shows the proposed control block diagram of the pneumatic positioning stage. Since the coil-type spring isolators are employed as supporters, the mechanical system is formed as a system with 2-DOF, which will be discussed in Subsection 2.4. In Fig. 5 , the perfect integrator as the driving mechanism is composed of the pneumatic system, pressure difference feedback, and pressure PI and feedback PI compensators. The pressure difference feedback and pressure PI compensator are used to reduce the effect of the air compressibility. The feedback PI compensator controls the summation of the relative position and base plate jerk feedback signals. Taking the advantage of the design concept, the mentioned combination can be achieved as a perfect integrator (3) . Referring to the block diagram of Fig. 5 , the transfer function from a to f d can be expressed as:
( 
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Vol. 5, No. 4, 2011 Poles and zeros cancellation occurs in Eq. (1), if we select the relationship between the time constants T pr , T air , and T a as follows:
Thus, the transfer function of Eq. (1) can be simplified as a perfect integrator:
Now, if a PID or PI-D compensator is adopted in the relative position's feedback loop, the perfect integrator, defined in Eq. (4), performs double integration and leads the complete closed loop to be formed as a type-2 system. This causes the degradation of positioning performance and stability. The PID controllers have a common application in most of the control systems. However, the PDD 2 compensator is also known as a proper controller for the pneumatic actuators (8) (9) . In reference (8) , although the dynamic characteristic of a pneumatic servo valve is assumed as a perfect integrator, the performance of the PDD 2 is very well. Therefore, as long as the driving mechanism of the pneumatic system is formed as a perfect integrator in this study, a proper performance can be obtained by the PDD Since the integrator is not included within the PDD 2 compensator, the complete closed loop will be not formed as type-2 system. Thus, it contributes to increase the performance and stability of the positioning response. In addition, as the D and D 2 controllers of the mentioned compensator are directly fed from the relative position signal, the derivative kick is avoided against a sudden change in the reference r. In order to suppress the effect of the reaction force, a proper control signal should be provided to the perfect integrator defined in Eq. (4). This can be attained by feeding back the pseudo derivative of the base plate acceleration which corresponds to the filtered jerk signal through the tunable gain B, which will be discussed in Subsection 2.4. 
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Previous related studies
Before explaining the theory of the base plate jerk feedback, let us briefly review some related researches which are previously conducted. The base plate acceleration feedback is experimentally applied for the first time to realize high speed of an air bearing guided X-Y stage (4) . However, due to insufficient theoretical background, the theory of the mentioned feedback is formulated for an X-Y stage, actuated by the linear motor (5) . Where, the mechanical system is modeled as a system with 2-DOF and the effectiveness of the base plate acceleration feedback is experimentally realized. It is demonstrated that the base plate acceleration feedback is equivalent to the zeroing or disturbance rejection. It is also mentioned that since the time constants of the power driver as driving mechanism and acceleration feedback are finite, complete zeroing is impossible. The base plate acceleration feedback law is then considered in the light of modern control theory, using the algorithm of the disturbance localization or output zeroing control (6) . It is concluded that the output zeroing cannot be realized using the state feedback based on disturbance zeroing theory. However, the base plate acceleration feedback is recognized as a Master-Slave synchronizing control system. To demonstrate this similarity, the following analogies are assumed by the authors: the base plate mechanical system as Master, the stage mechanical system as Slave, the base plate acceleration's feedback path as the synchronizing correction path, and the relative position as the synchronization error. Then, the following points are concluded: 1) For the disturbance injected to the base plate (Master), the stage mechanical system (Slave) has a function of synchronizing correction. It denotes that by applying the base plate acceleration feedback, the stage almost follows the motion of the base plate. As a result, the relative position becomes almost zero for the optimal gain.
2) There is no ability to correct the synchronization of the stage (Slave) disturbance. Therefore, synchronization correction of the stage disturbance can be accomplished by the disturbance rejection control in the stage itself.
However, none of the above papers have considered the pneumatic positioning stage. Therefore, the similar method is applied to a 2-DOF pneumatic positioning stage.
Mathematical background and theory
In this subsection, let us first introduce the 2-DOF mechanical system. The coil-type spring isolators with weak spring constant are employed to activate the base plate and detect its acceleration signal with lower natural frequency. Figure 6(a) shows the schematic diagram of the mechanical system, which is composed of the mechanical parts of the stage and base plate. Notice that the coil-type spring isolators allow the vertical motion of the system as well as the horizontal motion. However, as the driving force and its reaction are completely applied along the x-axis on the horizontal plane, the vertical motion along z-axis and thus the pitch motion are too much small. Therefore, only the horizontal motion of the system is focused in this study, where the vertical and pitch motions are ignored. Thus, according to this assumption the free body diagram of Fig. 6(a) can be modeled as a 2-DOF system, as shown in Fig. 6(b) . In the mentioned figure, f ext is the external force exerted to the base plate as a disturbance, which is only used for realizing the working principle of the jerk feedback. When the stage is placed at a constant position and f ext is exerted to the base plate, the reaction against f ext directly influences the stage. However, in the case of positioning f ext is zero and the stage is moved by the driving force f d. Then, the reaction of the driving force, f r = -f d , affects both the base plate and stage. Thus, both cases are similar and need the same feedback polarity. From Fig. 6(b) , the dynamic equations of the mechanical system can be expressed as follows: From the viewpoint of disturbance zeroing, the disturbance caused by the external force f ext can be suppressed when H(s) becomes zero, which is theoretically possible by setting the numerator of Eq. (7) to zero, thus:
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The low pass filter with time constant T is used in the base plate jerk's feedback path to reduce the effects of noise at high frequency region. Due to the finite value of T, complete zeroing is impossible. However, we selected the value of T as small as possible (T≪1). Hence, the time constant T can be neglected and the approximate optimal value of the base plate jerk's feedback gain B opt can be defined as: (9) It is essential to notice that the gains B and K y comprise the detection sensitivities of the base plate accelerometer and pressure sensors, respectively.
The perfect integrator was mathematically derived as Eq. (4) in Subsection 2.2, using design concept by relating the time constants as defined in Eqs. (2) and (3). The principle of the perfect integrator was experimentally realized in reference (3). Needle-bearing
530
Finally, we would like to focus on the main objective, which is the base plate jerk feedback. From Fig. 5 , in case the signal v is zero, the driving force provided by the base plate jerk feedback f d(bp) , can be expressed as: (10) The s operators (pole and zero) canceled each other in Eq. (10). Now substituting the value of B opt from Eq. (9) into Eq. (10) and then assuming T = 0 yields:
Eqs. (10) and (11) explain the reason of employing the base plate jerk signal as feedback with positive polarity. In particular Eq. (11) verifies that this feedback with optimal gain B opt and positive polarity provides a control signal compelling the stage to pursue the motion of the base plate as a Master-Slave synchronizing correction system (6) . As a result, the relative position (x 1 -x 2 ) detected by the optical encoder, converges to zero. A precise control will be performed, when the natural frequencies of the error and base plate are matched.
Experimental results

Pre-experiment
The objective of the pre-experiment is to verify whether the base plate jerk feedback obeys the theoretical background or not. Hence, it was essential to first select an appropriate cutoff frequency for the filter used in the base plate jerk's feedback path. Increasing the cutoff frequency of the mentioned filter leads the time constant T and the phase lag to decrease. Thus, based on Eq. (9), the gain B increases efficiently and converges to the actual optimal value. This feature improves the ability of the stage to follow the base plate motion which results in further reduction of the error. Based on simulation for the mentioned filter, 1/(1+Ts), for cutoff frequencies of 20, 30, and 50 Hz, it was observed that the phase lag is very small (closer to 0 o ) for 50 Hz at the natural frequency of the base plate which was about 5.2 Hz. Obviously, the phase lag becomes zero at 5.2 Hz by further increasing the cutoff frequency; however, it causes the unwanted effect of the noise. Thus, 50 Hz is an appropriate cutoff frequency for the mentioned filter, which yields T = 3.1831 ms. The parameters of the perfect integrator and the time constant of the PDD 2 compensator
were selected from reference (3), as shown in Table 1 . As a pre-experiment, very small values of the PDD 2 gains were set as K p = 0.1, K d = 10, and K dd = 5. Then, the stage was placed at a constant position, i.e. 50,000 counts, and the base plate was exited by exerting the external force f ext from the left to the right. The experimental results with and without jerk feedback are shown in Fig. 7 . To compare the effects of the gain B, it was hardly tried to maintain equal amplitude of the base plate acceleration signals for each value of B, using trail and error method. According to Fig. 7 , the natural frequencies of the base plate acceleration and error signals are almost matched. Increasing the value of gain B led the period of the base plate acceleration signal to slightly increase, denoting a slightly reduction in its natural frequency. This feature was strongly observed for higher values of gain B. Theoretically, this effect can be explained by the term in the denominator of Eq. (7), {[BS a K a T/K y T a (1+Ts)]+M 2 }s 2 .
Suppose (1+Ts) → 1, the term BS a K a T / K y T a which is equal to the stage mass M 1 for B opt , is a mass provided by the jerk feedback. Hence, by applying a feedback with correct polarity, this mass adds with M 2 , and as a result, the natural frequency of the base plate decreases. It is worth to notice that the base plate used in this experiment has very small mass comparing to those of industrial, thus, this effect may not appear in the case of industries. Table 1 Parameters of the perfect integrator and PDD 2 based on reference (3) Fig. 7 Experimental results using f ext with and without base plate jerk feedback
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On the other hand, increasing the value of gain B caused the error to decrease. This effect can be also theoretically explained by Eq. (7) . By increasing the value of gain B with correct feedback polarity, the numerator of Eq. From Fig. 7 , B = 0.4 is the value in which the error is considerably decreased. This value cannot be B opt , because the error and base plate acceleration signals are not synchronized. However, according to the observations mentioned above, we can conclude that in practice, the principle of the base plate jerk feedback obeys the theoretical concepts.
Real condition of positioning
In Subsection 3.1, the principle of the base plate jerk feedback was realized using the external force. Now we will discuss the effectiveness of the base plate jerk feedback under the condition of real positioning, while f ext = 0. The maximum travel (stroke) of the stage is from zero to 10 cm which corresponds to a step command from zero to 100,000 counts. However, a step command of 30,000 counts was applied during experiments at t = 1s to move the stage from a reference 20,000 counts to a certain position of 50,000 counts.
Since precise performance was not considered in Subsection 3.1, very small values were set to the PDD 2 compensator's gains. However, in the case of real positioning, to achieve an accurate and high speed response, the mentioned gains should be increased. To accomplish these features, the gains of the PDD 2 compensator were gradually increased using trial and error method and their appropriate values were tuned as K p = 2.7, K d = 40, and K dd = 180. Using the mentioned gains, the error and base plate acceleration signals are shown in Fig. 8 for without jerk feedback, which are almost synchronized comparing to the result of Fig. 7 . In Fig. 8 , the fluctuation of the error indicates the vibration of the stage due to the reaction force. It is worth notice that the coil-type spring isolators with low stiffness allowed the pitch motion of the system due to weak supporting mechanism. This feature strongly altered the positioning response during experiments. Therefore, although setting the spring constant high impairs the isolation performance, the coil-type spring isolators with higher stiffness were utilized to avoid the pitch motion. As a result, the natural frequency of the base plate acceleration was increased from 5.2 to about 9.5 Hz. Subsequently, using the appropriate gains of the PDD 2 compensator, the experiments were performed with and without jerk feedback. In case with jerk feedback the gain B was precisely tuned as to be B = 0.24. To identify the rate of the error for repeated positioning of the same condition, the data was collected for several times known as "repeatability" and then co-plotted, as shown in Fig. 9 . Based on Fig. 9 , in case with base plate jerk feedback the variation of the stage which is caused by the reaction force is considerably decreased. The settling time is improved and the repeatability shows very small error with small deviation. Therefore, it is concluded that the base plate jerk feedback has a key function in the control of the disturbance caused by the reaction force. In Subsection 3.2, the positioning was employed almost in the middle destination around the center of gravity of the system. In this subsection, we will check the accuracy of the response in the left and right sides, using the same stroke of 30,000 counts and the same parameters and gains. The objective is to check the effect of the pitch motion, probably caused due to deviation of the stage from the center of gravity of the system. Hence, the positioning was performed from 0 to 30,000 counts in the left side and from 50,000 to 80,000 counts in the right side. The overviewed results are shown in Fig. 10 together with the result of the positioning which was performed in the middle. Fig. 10 does not show any effect of the pitch motion. Also, the performance of the jerk feedback is the same in all three cases. However, a kind of disturbance was observed which can be either the pneumatic or mechanical type disturbances. Since the air compressibility is increased beside the pneumatic pressure due to high gains of the PDD 2 compensator, this disturbance is probably a pneumatic type known as flow disturbance. 
